A series of full-scale buckling tests were performed on the space shuttle Reusable Solid Rocket Motor (RSRM) cylinders. The tests were performed to determine the buckling capability of the cylinders and to provide data for analytical comparison. A nonlinear ANSYS Finite Element Analysis (FEA) model was used to represent and evaluate the testing. Analytical results demonstrated excellent correlation to test results, predicting the failure load within 5%. The analytical value was on the conservative side, predicting a lower failure load than was applied to the test. The resulting study and analysis indicated the important parameters for FEA to accurately predict buckling failure. The resulting method was subsequently used to establish the pre-launch buckling capability of the space shuttle system. The basic structure is analyzed using the
INTRODUCTION
The RSRM used in the space shuttle launch system is made up of twelve thin wall steel cylindrical segments (see Figure 1) The initial bending during pre-launch generates a significant structural load on the RSRMs. The severity of this loading condition is further complicated by the lack of internal pressure to support the thin wall of the RSRM cylindrical membrane. At this point during the launch, buckling becomes a significant concern. In order to avoid the possibility of a buckling event, several parameters (wind speed and direction, payload, membrane thickness and imperfection, etc.) are restricted, and stringent liftoff vehicle configuration requirements have been established.
As iiftoff requirements become more restrictive, the probability of buckling is reduced, however, the probability of a launch delay or cancellation is increased. One of the primary concerns is wind. High wind speed can significantly increase the horizontal load and the total bending load (see Figure 1 ). Therefore, wind speed and direction are closely monitored prior to lift-off. Significant effort was invested in the design of a test fixture to closely approximate the pre-launch loading conditions of the space shuttle system on the RSRM.
During the critical buckling phase, pre-launch loading causes the axial stress in the RSRM to peak in the aft stiffener cylinder, which is the critical location for RSRM buckling. Each end of the cylinder transitions from membrane into a thicker section with the forward end being a clevis and the aft end a tang (see Figure 2 ).
On subsequent
cylinders the clevis and tangs are mated together using pins. The stiffener cylinder includes two integral stiffener stubs that divide the stiffener membrane into three sections or bays (forward, center, and aft). During flight, stiffener T-rings are bolted to the stiffener stubs to increase the strength of the cylinder during splashdown.
The test set-up (see The force beams applied the force to the buckling rings.
Buckling beams transferred the load to the force beams.
A force frame connected the buckling beams and was driven by six actuators that impose the load on the structure.
In order to achieve loading similar to prelaunch flight loading, the force frame was located to represent the maximum expected load and closely approximate the correct load distribution in the RSRM stiffener. (stiffness) and overall joint behavior. The required membrane length was used to produce two spools to simulate the use of full cylinders (see Figure 3 ).
The test load was designed to be slightly different than the pre-launch load. The simple application of an axial load to a moment arm produces a load that varies in the Actuator pressures to correlate the load input into the system were also measured.
The test was video taped as well as photographed.
Test Results
The axially.Thedata wasused in themodel torepresent the actual geometry ofthecylinder being tested.
Aspreviously mentioned, there were different variables analyzed between tests. The variability in the test procedure wascalculated by normalizing thedatafor material properties, thickness andimperfection. The resulting testvariation wassmall when normalized toa given imperfection for an equivalent load,given thickness and material properties.The maximum variation of anestimate of thetest errorbased onthe established influenceof thickness, imperfection, material property andloadwas 7.1%.
Thetest instrumentation alsoyielded interesting results. Strain gages thatwere applied totheinside andoutside diameter atthesame location indicated a divergence in ......... AN_- Figure 6 Nonlinear Finite Element Model strain as the load increased to buckling failure. The divergence was not observed on all the gages, but was indicated where gages were placed at the critical failure location.
It was observed that this phenomenon was not a totally reliable indicator of buckling failure but generally followed the failure pattern. Figure 7 ). An eigenvalue analysis is performed resulting in a load multiplication factor or eigenvalue. The eigenvalue is a factor of the applied load that will cause buckling in a perfect structure. The KDF was applied to the eigenvalue solution, which was performed using ANSYS53 finite element code.
Imperfections
The error between the eigenvalue solution with the knockdown factor and the buckling failure of the ten test specimens ranged from 9.5 to 27.4 % (see Table 1 ). In all cases the actual test failure load was greater than the predicted failure using eigenvalue and KDF. 
